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KoH^eHcaij,H5i flHK T4 b BO^HO-cnnpTOBbix 

cpe^ax 

M. O. rajiJiHMOB, O. A. ribiniKHHa, B. P. CepreeB, H. B. 5Imhhckhh 

OusunecKuu u XuMuuecKuu (paKyAhmemu Mockogckozo 
socydapcmeeHHoso yHueepcumema um. M. B. JJoMOHocoea, 

MocKea 



^^— I ' AHHOTailHH 

o 

'^ ' npoLi;ecc KOMnaKTH3aD;HH BbicoKOMOjieKyjiHpHoft ^HKT4 Hccjie- 

j^ . flOBan B BOflHO-cnnpTOBOH cpe^e mbto/iom ACM. rTojiyHeHbi ACM- 

H3o6pajKeHHH KOMnaKTHbix rjio6yji, o6pa30BaHHbix MOjieKyjiaMH /],HK 
^_^ B BOflHO-cnnpTOBbix cpe/];ax npn 80% KOHLi,eHTpai^HH cnnpTa; oGna- 

^ . pyjKeHO, HTO npH 40-50% KOHD;eHTpaii,HHX cnnpTa MOJieKyjibi /],HK 

O ! 4)OpMHpyiOT HaCTHHHO KOMnaKTHSOBaHHBie 06pa30BaHHH, B KOTOpblX 

OT/],ejIbHbie BHTKH MaKpOMOJieKyjIbI 3aKpyHHBaK)TCH B TOpOHflaJIbHbie 
CTpyKTypbl. C npHBJieneHHeM MeTOflHKH BOCCTaHOBJieHHH iicthhhmx 

reoMeTpHHecKHX napaivieTpoB oG-beKTa no ACM-npocJjHjiK), noKasaHO, 
ijr^ ' HTO B cocTaB rjio6yjibi bxo/],ht o/i,Ha MOJieKyjia ^HK. Ho pe3yjibTa- 

TaM HccjieflOBaHHH npe^jioJKeHa Mo^ejib ynaKOBKH ^HK b npoi^ecce 
KOMnaKTH3aii;HH . 



Q ■ Panee naMH Gmjio noKaaano [1], hto rnraHTCKaa AHK T4 b BOflHO-cnnp- 

TOBOH cMecH npH KOHn;eHTpan;HH cnapxa Gojiee 50% {fl,Jis Hsonponanojia) 
npexepneBaex KOH(|)opMaiJ,HOHHt>iH nepexo^ Kjiy6oK— j-rjioGyjia. HpH yMCHb- 
meHHH KOHii;eHTpaii,HH cnnpTa ;i,o 40% Ha6jiioflajiocb HacxHHHoe pasBopanH- 

/\f ■ BaHHe rjioGyji. OflnaKo, b cHJiy orpaHHHeHHa paspemaiomeH cnocoGnocTH 

c^ ■ HcnojibsyeMoro MeTo;];a 4)jiyopecn;eHTHOH MHKpocKonnH (KjiaccHHecKHfi npe- 

fleji A/2), OKaaajiocB TpjflfihiM onpe/i;ejiHTB MHKpocTpyKTypy nojiyneHHtix 

oGteKTOB. 

Mexo^ CKaHHpyiomeH soHflOBOii MHKpocKonHH (C3M) Moacex ycnemno 
npHMeHSTbca ^jia Hccjie^oBaHHa KOH(|)opMaii;HH h MHRpocTpyKxypbi MOJie- 
Kyji AHK [2,3]. O^HaKo, Tpa;];Hn;HOHHaH cxena npHroxoBjieHHH o6pa3n;oB 
^jia soH^OBoil MHKpocKonHH Ha Bos^yxe BKjiioHaeT npon;e^ypy BticyiuHBaHHa 



KanjiH npenapaxa na noBepxHOCTH TBep^^ofl noj^jioyKKH. npon;ecc BbicymnBa- 
HHH HBjiHexcH HepaBHOBecHbiM H conpoBO>K;];aeTCH Tpy^HOKOHTpojinpyeMbiMH 
HSMeHeHHHMH jioKajiBHbix 3HaHeHHH KOHn;eHTpan;HH npenapaxa, hto Moacex 
npHBecTH K cjioJKHOCTHM npH HHTepnpeTan;HH pesyjibxaxoB. Hckjuohhtb npo- 
ii;eflypy BbicyniHBaHHH b cxeMe C3M-3KciiepHMeHTa mojkho npn npoBe^eHHH 

HCCJie^OBaHHH B JKH^KOCTH (c HCnOJlbSOBaHHeM JKHflKOCTHOH SHeHKH). 

3KcnepHMeHTajibHaa nacTb 

B KanecTBe oGtexTOB Hccjie^oBaHHa HcnojibsoBajin /JHK 6aKTepHo4)ara T4 
(Nippone Gen). HpH npoBe;];eHHH sKcnepHMCHTOB HcnojibsoBajin 6h^hcthji- 
jinpoBaHHyio ;];eHOHH30BaHHyio Bo^y. Bo^HO-cnnpTOBbie cpe^bi totobhjih c 

HCnOJIbSOBaHHeM HSOlipOIiaHOJia (xHMHHeCKH HHCTOro). 

HccjieflOBaHHs KOHfleHcan;HH MOJiexyji /^HK upoBojimjim Mexo^^oM axoMHo- 
CHjioBOH MHKpocKonHH (ACM) Henocpe^^cTBeHHO B eodHO-cnupmoeou cjviecu, 
c HcnojibsoBaHHeM no^jioaceK cjiio^bi. CBeacnii ckoji cjiio^bi h soh^ ACM 
noMemajiH b >KH;];KOCTHyio HHeflKy, Koxopyio nocjie^^OBaxejiBHO sanojiHHjin 
HcnojibsyeMbiMH pacTBopaMH. Hpenapax, co^epxcamHil MOJieKyjibi /],HKT4 
B BOflHO-cnnpxoBOH CMecH npn 80% KOHii;eHxpaii;HH cnnpxa, nojiynajin CMe- 
niHBaa o^hh o6x.eM pacxBopa /JHK b 0,5 TBE-6y4)epe c nexbipbMa o6x.eMa- 
MH Hsonponanojia. Hpenapax MOJiexyji AHK b 40% nsonponanojie nojiynajin 
cMemnBaa flfi& o6x.eMa pacxBopa /JHK b 6y4)epe c xpeMs o6x.eMaMn nsonpo- 
nanojia. B o6onx cjiynaax Konennaa Konn;enxpan;nH /JHK b CMecn cocxaB- 
jiHjia 1 X 10~^ MOJib. HMMo6HjiH3an;HH Hccjie;];yeMbix cxpyxxyp na no;];jio>KKe 
ocymecxBjiHjiacb jinnib sa cnex npon;eccoB a;];cop6n;nn ns pacxBopa. 

3KcnepnMenxbi npoBo^njin b JKn^Kocxnon anenKe ACM Nanoscope-III 
(Digital Instruments, USA) b pejKHMe npepbmncxoro KonxaKxa c ncnojib- 
soBanneM saocxpennbix KanxnjiebepoB h3 nnxpn^^a KpeMnna (Nanoprobe) 
jKecxKocxbK) 0,32 H/m. 

PesyjibTaxbi h hx o6cy:»c/],eHHe 

Hpenapax, co^^epxcan^nn MOJiexyjibi ^HK T4, b Bo^no-cnnpxoBon CMecn npn 
80% Konn;enxpan;nn naonponanojia, BBo;];njin b >Kn;];Kocxnyio anenKy, aanoji- 
nennyio npe^Bapnxejibno Bo^no-cnnxpoBon CMecbio c xoil ace Konn;enxpan;HeH 
cnnpxa. Hpn sxnx ycjiOBHHX MaKpoMOJieKyjibi /I,HK ocaJKflajincb na noBepx- 
nocxb cjiio^bi B Bn;i,e KOMnaKxnbix rjioGyji (pnc. la n 2a). 

HpHMenenne paapaGoxannon naMn Mexo^nxn BoccxanoBjienna peajibnbix 
pasMepoB nccjie;];yeMbix oGx-eRXOB (ynex acficfieKma ytuupenusi) [4] nosBOjiaex 
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Phc. 1: a) — ACM-H3o6pa>KeHHe KOMnaKXHbix rjioGyji, ccjDopMHpoBaHHbix 
MOJiexyjiaMH AHK b 80% Hsonponanojie, 6) — tot ace ynacTOK noBepxHOCTH 
nocjie noHHJKeHHH KOHii,eHTpari;HH cnnpTa b jkh^kocthoh aneiiKe ACM ^o 

40-50%. 



onpe;];ejiHTb oGt-cm h reoMeTpnio rjio6yjiHpHbix CTpyxTyp no TpeM hsbcct- 
HL.IM napaMCTpaM: bbicotc ACM-H3o6pa>KeHHa: na^ no^^JioacKoil, mnpHne na 
nojiyBbicoTe ACM-npocJiHjiH (ajih sjiJinncoH^a cjie^yeT HcnojiBSOBaTb j\b?i 
SHaneHHJi niHpHHbi, cooTBeTCTByiomHe HanpajieHHSM rjiaBHbix oceii) h pa- 
^Hycy KpHBHSHbi nrjibi. Mbi npoBejiH pacneTbi j\ji^ AByx sHaneHHil pa^^ny- 
ca KpHBH3Hbi HTjibi: 5 H 10 HM (ho HaniHM on;eHKaM c npHMeneHneM tcct- 
oGt-cktob pa^nyc HcnojibsyeMoil nrjibi jiexcHT b yKasannoM HHTepBajie), cm. 
Ta6ji. 1. 

SnaHeHHa napaMCTpoB rjioGyjibi, onpe^ejienHbie c HcnojibsoBaHneM ;];Byx 
rpaHHHHbix sHaneHHii ^jih pa^nyca kphbhshm htjim, (|)aKTHHecKH, HfleHTHH- 
Hbi (c yneTOM SHaHHTejiBHOH BejiHHHHbi CTaH;];apTHoro OTKjioHeHHH, HTO o6y- 
cjioBjieno cTaTHCTHHecKHM pasGpocoM anajiHSHpyeMbix napaMCTpoB j\ji^ pas- 
jiHHHbix rjio6yji). BoccTaHOBjieHHbie sHaneHHii napaMCTpoB nojiyoceil a a b 
nosBOjiHioT cjieji&Th BbiBo;];, HTO reoMeTpHHecKoii 4)opMOH rjioGyjibi HBjiHeTCH 
cnjiiocHyTbiii h cjierxa BbiTSHyTbift sjijinncoH;];. 

Ha anajiHsa Ta6jiHii;t.i cjie^yeT, hto o6T.eM rjio6yjibi cocTaBjiaeT BejiHHHny 
(2,5 ±1,7) X 10^ HM^, HTO npeBbimaeT o6T.eM MOjieKyjibi /],HKT4: 1,7 x 
10^ HM^ (Vdna = vrr^L, r = Ihm, L = 55 x 10^ hm). T.o. o6pa30M, mojkho 
npe^nojiojKHTb, hto Kaxc^^an rjio6yjia oGpasoBanna odnou MOJieKyjiofl /],HK, 
Haxo;];airi,eHca b ^ocTaTonno njioTHoynaKOBaHHOM coctohhhh. 
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Phc. 2: a) — ACM-H3o6pa>KeHHe KOMnaKTHbix rjio6yji, ccjDopMHpoBaHHbix 
MOJiexyjiaMH AHK b 80% Hsonponanojie, 6) — tot jkc ynacTOK noBepxHO- 
CTH, nocjie noHHJKeHHa KOHii;eHTpaii;HH cnnpTa b >kh;];kocthoh HHeflKe ACM 
flp 40-50%, BpesKa — o;];Ha hs rjioGyji Hccjie^oBana c 6ojibmHM paspemeHH- 
eM, HTO nosBOjiHCT BHsyajiHSOBaTb n;eHTpajibHyio nojiocTb, npoHBHBinyiocH b 
pesyjibTaTe iipoii,ecca fleKOMnaKTH3ari,HH 
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Ta6jiHn;a 1: FeoMeTpHHecKHe napaMeTpbi rjio6yji, oGpasoBannbix MOJiexyjia- 
MH AHK T4 B peayjibTaTe KOMnaKTH3an;HH cnnpTOM. PacieTbi npoBo^HJincb 
HO paspaGoTaHHOH naMH MCTO^HKe yneTa acficfyeKma ytuupeHUH [4] ^jih ^Byx 
SHaHeHHH pa^Hyca kphbhshbi nrjibi i?: 5 h 10 hm, npHBe^eHHbie norpem- 

HOCTH HBJIHIOTCH CTaH^^apTHblMH OTKJIOHeHHHMH Cpe^^HHX apHcjDMeTHHeCKHX, 

paccHHTaHHbix nyTCM cTaTHCTHnecKoro anajiHsa ACM-H3o6pa>KeHHH rjio6yji. 
06o3HaHeHH5i Ta6jiHn;bi: a, 6 h c — napaMCTpbi sjijinncoH^a, onncbiBaion^e- 
ro reoMeTpHK) rjio6yjibi; a h 6 BoccTanoBjieHbi no MCTo^^HKe yneTa ACM- 
yniHpeHHH, c — nojioBHHa BbicoTbi ACM-H3o6pa>KeHHH rjioGyjibi; V — oGt-cm 
3jijiHncoH;];a, onpe;];ejieHHbm no cJiopMyjie: Vgiobuie = 4:/37iabc; fl^Jis cpaBnennji: 
oGt-cm Mojiexyjibi /JHK T4 Vdna ~ 1, 7 x 10^ hm^ 



HacTHHHO ;];eK0MnaKTH30BaHHt>ie CTpyKxypbi MaKpoMOJiexyji flHK T4, no- 
jiynaeMbie iipn pasGaBjieHHH 80% pacxBopa b Bo;];e flp 40-50%, Hccjie;];oBajiH 
cjie^yiomHM o6pa30M. B jKH^KocxHyio HneiiKy, co^epxcamyio ^HK T4 b bh^c 
rjio6yji B 80% Hsonponanojie (20% bo^^bi), ^o6aBjiHjiH cmccb Hsonponanojia 
c BOfloii (40% HsonponaHOjia + 60% bo^bi). 

Ha pHC. 2a (oTMexKa «rji») bh^ho, hto npn 80% Hsonponanojia HacTHn;Bi 
/],HK npeflcxaBjiHioT co6oh KOMnaKXHBie rjio6yjiBi. HpH npoKanHBaHHH nepes 
HHeiiKy 40%-Horo pacxBopa Hsonponanojia nannnaexca flnnaMnnecKHii npo- 
n;ecc ;];eKOMnaKXH3an;HH — rjio6yjiBi yMenBmaioxcH no BBicoxe n b nexoxopBix 
H3 nnx (pnc. 26 n BpesKa) npoHBjiHexcH n;enxpajiBnaH nojiocxB. O^naKo OKa- 
sajiocb, nxo ^^ajiBnenmnn npon;ecc pasBopanHBanna rjioGyji ne nponcxo^HX. 
3xo MOJKno oGtHcnnxB najinnneM cnji BsaHMO^encxBHH ueyKpy MOJiexyjion n 
noflJioJKKOH, KoxopBie H npenaxcxByiox pasBopannBannio npn yMenBrnennn 
Konn;enxpan;HH cnnpxa. HoaxoMy MaKpoMOJiexyjiBi AHK b npoMexcyxonnoM 
cocxoHnnn {ueyKpy rjio6yjTOH n KjiyGKOM) nojiynajin cjieflyion],nM oGpasoM. 

MojiexyjiBi AHK, naxo^an^neca b 40% nsonponanojie, bbo^hjih b jkh^- 
Kocxnyio HneilKy, a saxeM KOHn;eHxpan;Hio cnnpxa b anenKe noBBimajin npo- 
KannBanneM 80% nsonponanojia. Hpn noBbimennn Konn;enxpan;nn cnnpxa 
MOjiexyjiBi BBina;];ajin na noBcpxnocxB no^^jioacxn b nacxnnno KOMnaKxnso- 
BannoM cocxoannn. /^ajiBnenmaji KOMnaKxn3an;n5i ^HK, a;];cop6npoBannBix 
na noflJioJKKy, ne na6jno;];ajiacB, nxo, no-Bn^nMOMy, oGx-acnaexca BsanMO- 
^eiicxBHeM MOJiexyji /JHK co cjno^^oii. 

ACM-nsoGpaacennH nacxnnno KOMnaKXHSOBannbix cxpyxxyp npnBe;];enBi 
na pnc. 3 n 4. Bbijio oGnapyaceno, nxo nanajiBnBiM npon;eccoM KOMnaKxnsa- 
n;HH rjioGyji HBjiaexcH saxpynnBanne ox;];ejiBnBix ynacxKOB MaKpoMOJiexyjiBi 
/^HK B xopon^ajiBnBie cxpyKxypBi, axn ynacxxn, no-Bn^nMOMy, n 3bji3ioxc3 
n;eHxpaMn ^^ajibnenmen KOMnaKxn3an;nn. 

Ha ocnoBannn naGjuo^ennn Moacno npe^nojioacnxB, nxo KOMnaKxnBie rjio- 
6yjiBi, npnBc^ennBie na pnc. la n 2a, HBjijnoxcH npo^yxxoM nMenno xopon- 
jl&jihHom KOMnaKxn3an;nn MaKpoMOJiexyji AHK n npe^^cxaBjisnox coGon na- 
cxnn;Bi bbicoko njioxnocxn, b KoxopBix ox;];ejiBnBie ynacxxn MOJieKyjibi saxpy- 
nenbi b xopon;];ajibnbie cxpyxxypbi. Hpn sxom b n;enxpe KOMnaxxnon nacxn- 
n;bi BOSMOJKno nMcexca nojiocxb: flencxBnxejibno, oGx-cm rjio6yjibi necKOjibKO 
npeBbimaex o6x.eM o^^non Mojiexyjibi /^HKT4, n nacxnnno ^^CKOMnaKxnso- 
Bannbie rjio6yjibi nosBOjiaiox BnsyajinsoBaxb n;enxpajibnyio nojiocxb (pnc. 26 
H BpesKa). 

Cjie^yex oxMcxnxb, nxo MaxpoMOJieKyjibi /],HK npn noBbimennn Konn;en- 
xpan;HH cnnpxa b anenKe (ox 40%) oGpasyiox ne xojibko xopon^ajibnbie, 
HO n (peace) cxepjKneoGpasnbie cxpyKxypbi (pnc. 5). Hpon,ecc CKannpoBanna 
npHBO^nx K xoMy, nxo cxepxcncBaH cxpyKxypa nacxnnno «pacnjiexaexc}i» 
nofl Boa^eficxBHeM son^a (cm. pnc. 5a n 56). HaGjuo^enne b pa^e cjiynaeB 
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Phc. 3: HacTHHHo KOMnaKXHsoBaHHbie MOJieKyjibi /JHK, ccJjopMHpoBaHHbie h 
BH3yajiH30BaHHt.ie b jkh^kocthoh anefiKe ACM npn noBbimenHH KOHn;eHTpa- 
ii;hh HsonponaHOjia (ot 40%), na pncyHKe OTMeneHbi rjio6yjiHpHt>ie («rji») h 
TopoH^ajiBHbie («Tp») oGpasoBaHHH 
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Phc. 4: HacxHiHO KOMnaKTHSOBaHHbie MOJieKyjibi AHK, ccjDopMHpoBaHHbie h 
BH3yajiH30BaHHt>ie b >kh;];kocthoh HHeflKe ACM npn noBBimenHH KOHn;eHTpa- 
ii,HH HsoiipoiiaHojia (oT 40%); h3 pncyHKa bh;];ho, hto b ;];aHHbix ycjioBHHx 
OTflejiBHbie ynacTKH MOJieKyjibi opraHHsyioTCH b Topono^o6Ht>ie cTpyKxypbi 
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Phc. 5: a) — cxepacHeBaH cxpyKxypa, oGpasoBaHHaa b pesyjibxaxe KOMnax- 
xH3ai];HH MOJieKyjibi AHK, BHsyajinsoBana npn rioBbimeHHH KOHn;eHxpan;HH 
cnnpxa (ox 40%) b jkh^kocxhoh HHeilKe ACM, 6) — xa >Ke cxpyKxypbi na- 
cxHHHO "pacnjiejiacb" no^ BosfleiicxBHeM aoH^a MHKpocKona nocjie necKOjib- 

KHX CKaHHpOBaHHH 



K0MnaKXH30BaHHt>ix cxpyKxyp, HMeioin;HX Mopcjiojiornio, oxjiHHHyio ox xo- 

pOH^^ajIBHOH, MOJKeX o6x.aCHHXbCH XeM, HXO B SKCnepHMCHXe HCCJie;];OBajIHCb 

npoMejKyxoHHBie cxa;];HH npon,ecca KOMnaKXH3aiJ,HH, b Koxopbix neKoxopoe 
KOJiHHecxBO MOJiexyji mojkcx naxo^^nxbCH b Hecxan,HOHapHL.ix (nepaBHOBec- 

Hbix) MOp4)OJIOrHHeCKHX COCXOHHHHX. 

BAasodapHocmh. Pa6oxa BbinojiHena npn cJiHHaHCOBOH no^mepjKKe Oe^e- 
pajiBHoii iiporpaMMBi «yHHBepcHxext>i Pocchh — 4)yH^aMeHxajibHt>ie Hccjie- 
flOBaHH5i» (npoeKx ^'25060) h POOH (npoexx K297-03-32778a). 
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T4 DNA condensation in water-alcohol media 

M. O. Gallyamov, O. A. Pyshkina, V. G. Sergeyev, I. V. Yaminsky 

The process of compaction of high molecular weight DNA T4 is investigated 
directly in a AFM liquid cell. The AFM-images of globules formed by DNA 
molecules in the result of compaction in water-alcohol environments at high 
izopropanol concentration (80%) are received; it is found that at intermediate 
concentration of izopropanol (40-50%) the DNA molecules form partially 
compacted formations in which the separate coils of macromolecules twist in 
toroidal structures. It is shown using the technique of deconvolution of the 
AFM-images that the globule include only one closely packed DNA molecule. 
The model of DNA packing is proposed on the basis of AFM experiment. 



